ABSTRACT Background: Early detection of airflow obstruction is particularly important among young adults because they are more likely to benefit from intervention. Using the forced expiratory volume in 1 s (FEV 1 ) to forced vital capacity (FVC) (FEV 1 /FVC) ,70% fixed ratio, airflow obstruction may be underdiagnosed. The lower limit of normal (LLN), which is statistically defined by the lower fifth percentile of a reference population, is physiologically appropriate but it still needs a clinical validation. Methods: To evaluate the characteristics and longitudinal outcomes of subjects misidentified as normal by the fixed ratio with respect to the LLN, 6249 participants (aged 20-44 years) in the European Community Respiratory Health Survey were examined and divided into three groups (absence of airflow obstruction by the LLN and the fixed ratio; presence of airflow obstruction only by the LLN; presence of airflow obstruction by the two criteria) for 1991-1993. LLN equations were obtained from normal non-smoking participants. A set of clinical and functional outcomes was evaluated in 1999-2002. Results: The misidentified subjects were 318 (5.1%); only 45.6% of the subjects with airflow obstruction by the LLN were also identified by the fixed cut-off. At baseline, FEV 1 (107%, 97%, 85%) progressively decreased and bronchial hyperresponsiveness (slope 7.84, 6.32, 5.57) progressively increased across the three groups. During follow-up, misidentified subjects had a significantly higher risk of developing chronic obstructive pulmonary disease and a significantly higher use of health resources (medicines, emergency department visits/hospital admissions) because of breathing problems than subjects without airflow obstruction (p,0.001). Conclusions: Our findings show the importance of using statistically derived spirometric criteria to identify airflow obstruction.
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Guidelines from the Global Initiative for Chronic Obstructive Lung Disease (GOLD) and from the International Consensus Statement sponsored by the American Thoracic Society (ATS) and the European Respiratory Society (ERS) suggest that airflow obstruction is present when the ratio of forced expiratory volume in 1 s (FEV 1 ) to forced vital capacity (FVC) is less than 70%. 1 2 This criterion is set regardless of age and gender in an attempt to simplify the diagnosis. However, as the FEV 1 /FVC ratio is inversely proportional to age, the use of a fixed cut-off would be expected to ''over call'' obstruction in old subjects and to ''under call'' obstruction in young individuals. 3 The trade-off with simplicity and ease of remembrance could come at the expense of misclassification. The extent of misclassification of airflow obstruction as related to age using the fixed cut-off has already been quantified in previous studies. [4] [5] [6] [7] [8] Even the GOLD guidelines of December 2007 recognise the possible overdiagnoses in the elderly but they do not consider potential underdiagnoses in the younger population. 9 The fixed cut-off lacks statistical justification while values below the fifth percentile of the frequency distribution of measures in a healthy population are considered below the ''normal'' limit for that biological parameter. [10] [11] [12] This means that, by convention, an individual's lung function is taken to be ''low'' if it is below the fifth lung function percentile for ''healthy'' persons of equivalent sex and age. The recent joint statements on lung function testing from the ATS and the ERS recommend that the statistically derived lower limit of normal (LLN) should be used in lieu of the fixed ratio. 13 Roberts and colleagues 5 have recently suggested that confirmatory evidence of which criterion is of greater clinical value is required and the most recent revision of the GOLD guidelines state that longitudinal studies are urgently needed to validate the use of the LLN. 9 Data on the relationship between the different criteria used to identify airflow obstruction (LLN vs fixed cut-off) and outcomes are crucial for recommendations for the clinical use of spirometry. The prognostic implications of the two criteria in the elderly have been evaluated by Mannino et al in a recent prospective study, 14 but to date younger age groups have not been studied. While in old patients with chronic obstructive pulmonary disease (COPD) using poor spirometric criteria may lead to misdirection of resources, unnecessary costs, and individual and societal harm, in young adults this may lead to a missed opportunity of an early diagnosis of the disease. 15 16 In the present study, data from a large cohort of young adults (20-44 years), followed for 9 years during the 1990s as part of the European Community Respiratory Health Survey (ECRHS) I, were used to investigate the clinical and functional characteristics and longitudinal outcomes of the subjects identified as ''normal'' by the fixed ratio but abnormal by the LLN. For this purpose, LLN equations for young adults were obtained from the normal non-smoking participants in the ECRHS I.
METHODS

Design of the study
The design of the ECRHS I and ECRHS II has been described in details elsewhere. 17 18 In the ECRHS I, an international multicentre study on respiratory diseases, carried out in 1991-1993 on random samples of young adults aged 20-44 years, each participant was sent a brief screening questionnaire (stage 1) and, from those who responded, a random sample was selected to undergo a more detailed clinical examination (stage 2). In addition, a ''symptomatic sample'', formed by subjects who had reported waking with shortness of breath, asthma attacks or use of asthma medication at stage 1, was studied.
In the ECRHS II, a follow-up study of the participants in stage 2 of the ECRHS I, performed in 1999-2002, subjects were invited to undergo the same clinical examination as in the first survey.
Subjects
A total of 12 254 subjects out of 15 705 participants in the ECRHS I stage 2 from 25 European centres, from the random and symptomatic samples, were eligible for the present study; 6249 of these subjects attended the second survey and had lung function measurements fulfilling the ATS criteria for reproducibility.
LLN equations
The LLN equations for FEV 1 /FVC were obtained from 1227 men and 1309 women who participated in the ECRHS I (1991-93) and who were defined as ''normal'' according to Johannessen et al (see the appendix, available online). 19 Two level linear regression models, 20 with subjects (level 1 units) nested into centres (level 2 units), were used to calculate the LLN equations separately in men and women. Both models had the FEV 1 /FVC ratio as the dependent variable, a random intercept term at level 2 and age as a fixed effect. A Markov chain Monte Carlo method (Gibbs sampling) was used to estimate the model parameters. The LLN equations were computed as predicted FEV 1 /FVC (from the fixed part intercept and slope coefficient) -1.645 6 square root of the sum of the level 1 and level 2 variances, in order to identify the 5% of the ''normal'' subjects with the lowest values in the reference population.
The resulting equations for males and females are the following (fig 1) : LLN males = 79.40120.185 6 age and LLN females = 85.10120.287 6 age. The LLN equations were obtained using MLwiN software (Multilevel Models Project, Institute of Education, London, UK).
Definitions
The subjects considered in the analysis were divided into three groups according to the presence of airflow obstruction at baseline (ECRHS I), as defined by the LLN and the fixed cut-off: (1) absence of airflow obstruction by both criteria; (2) presence of airflow obstruction by the LLN but absence of the condition according to the fixed cut-off (''misidentified subjects''); and (3) presence of airflow obstruction by both criteria. No subject was classified with airflow obstruction by the fixed cut-off but without the condition by the LLN at the ECRHS I. Subjects with the presence of airflow obstruction by the LLN but absence of the condition according to the fixed cut-off were defined as ''misidentified''. Subjects were further classified according to the presence of a self-reported diagnosis of asthma during their lifetime at the ECRHS II (positive answer to both questions ''Have you ever had asthma?'' and ''Was this confirmed by a doctor'').
A set of biometric, clinical and functional characteristics measured at baseline was taken into account: gender, age, ever smoking during lifetime, FEV 1 % predicted and FVC% predicted, 21 bronchial hyperresponsiveness (BHR), 22 high total IgE (.100 kU/l), IgE sensitisation, chronic cough or phlegm (see the online appendix for a more detailed description of these variables).
A set of clinical and functional outcomes was evaluated at the second survey (ECRHS II): FEV 1 ,80% predicted (9 year incidence among those with an FEV 1 >80% at baseline); chronic cough or phlegm (9 year incidence among those without the symptom at baseline); self-reported medication use because of breathing problems in the past 12 months; hospital services utilisation (ie, at least one emergency department visit and/or one hospital admission) because of breathing problems during the follow-up (evaluated by the rate of occurrence of the first emergency department visit/hospital admission).
Statistical analysis
The distribution of the biometric, clinical and functional characteristics considered in the analysis was compared among the misidentified subjects and those identified with or without airflow obstruction by both criteria at baseline (ECRHS I). Pearson's x 2 test, t test on the equality of means and the Wilcoxon rank sum test were used when appropriate. No correction for multiple testing was performed.
The outcomes at the ECRHS II were compared among the three groups of subjects using two level regression models, 20 with subjects (level 1 units) nested into centres (level 2 units). The models had the outcome of interest as the dependant variable, a random intercept term at level 2 and two dichotomous indicators of the presence/absence of airflow obstruction as defined by the two criteria at baseline (misidentification with the fixed cut-off = reference category) as fixed effects. Statistical analysis was performed using STATA software (StataCorp, College Station, Texas, USA).
RESULTS
Of the 6249 young adults, 318 (5.1%) were classified as having airflow obstruction only by the LLN and 267 (4.3%) by both the LLN and the 70% fixed cut-off; therefore, only 45.6% of subjects with airflow obstruction by the LLN were also identified by the fixed cut-off.
The main characteristics of the subjects identified with or without airflow obstruction by both criteria, or misidentified by the fixed cut-off, are described in table 1. The misidentified subjects were significantly younger, had a significantly higher percentage of females, a significantly lower FEV 1 % predicted, a significantly higher level of BHR, a significantly higher percentage of individuals with high total IgE (.100 kU/l), IgE sensitisation, chronic cough or phlegm, or a self-reported diagnosis of asthma than those without airflow obstruction.
Compared with those with airflow obstruction defined by both criteria, the misidentified subjects were significantly younger, had a significantly higher percentage of females, a significantly lower level of exposure to tobacco smoke, a significantly higher FEV 1 % predicted, a significantly lower level of BHR and a significantly lower percentage of individuals with IgE sensitisation or asthma.
During follow-up, the 9 year incidence of FEV 1 ,80% predicted and of chronic cough or phlegm were significantly higher among the misidentified subjects at baseline than among those without airflow obstruction by both criteria (table 2). The proportion of subjects who reported medication use because of breathing problems in the past 12 months at the ECRHS II, and the rate of utilisation of hospital services because of breathing problems during the follow-up, were also significantly higher among the misidentified subjects at baseline than among those without airflow obstruction. The incidence of FEV 1 ,80% and the rate of utilisation of hospital services because of breathing problems during follow-up were not significantly different between the misidentified subjects and those with airflow obstruction (table 2) .
Considering separately the 5235 subjects without a selfreported diagnosis of asthma during their lifetime, only 34.7% of subjects with airflow obstruction by the LNN were also identified by the fixed cut-off. In the online appendix, tables 1 and 2 were replicated for both subjects with and without asthma (see tables A1-A4). During follow-up, among subjects without asthma, apart from the incidence of FEV 1 ,80% and the rate of utilisation of hospital services because of breathing problems, the proportion of subjects who reported medication use because of breathing problems in the past 12 months at the ECRHS II was not significantly different between the misidentified subjects at baseline and those with airflow obstruction by both criteria.
DISCUSSION
Our study shows that the 70% fixed cut-off identifies less than 50% of young subjects who have evidence of airflow obstruction using the LLN criteria. Because self-reported lifetime asthma could be a rather arbitrary diagnosis, and in young adults asthma and COPD can be exceedingly difficult to distinguish, our primary analysis included all subjects. Considering only subjects without a self-reported diagnosis of asthma during their lifetime, this percentage declines to about one-third, showing that the use of the LLN could identify subjects likely to suffer from COPD at an earlier stage than the fixed cut-off.
The use of a statistically derived LLN was being considered as early as the 1980s and it was included in all subsequent ATS and ERS guidelines on lung function testing. 11 The use of a statistically derived limit below which a value is considered abnormal seems to be necessary because the FEV 1 declines more rapidly with age than the FVC in normal subjects and thus the FEV 1 /FVC ratio decreases with age; moreover, it takes the difference in lung function between genders into account. Table 1 Characteristics of the subjects eligible at the ECRHS I and traced at the ECRHS II, divided into three groups according to the presence of airflow obstruction, as defined by the two criteria 
Epidemiology
However, in an attempt to simplify the identification of airflow obstruction, the disease specific international guidelines for COPD continue to recommend the fixed cut-off. 9 25 This has resulted in an ongoing confusion regarding the definition of airflow obstruction. Roberts et al documented that at the extremes of age and height, a large number of spirometry test results will be interpreted as showing an obstructive defect if a 70% fixed ratio method is used for interpretation compared with the LLN derived from the Third National Health and Nutrition Examination Study data set. 5 Considering the LLN derived from the same data set as ''correct'' and as the ''gold standard'', Hansen et al demonstrated the low sensitivity in the third and fourth decades and the high frequency of misidentified normal subjects and the relatively low specificity and high percentage of normal subjects misidentified as abnormal individuals, in the seventh and eight decades, with respect to the fixed cut-off. 6 Our results confirm an unacceptably large underdiagnosis of airflow obstruction in young adults, particularly among females, when using the 70% fixed cut-off. Our large cohort of young adults followed for 9 years allowed us to describe the baseline characteristics and longitudinal outcomes in subjects who were misidentified as normal with the fixed cut-off. Unfortunately, there is no gold standard for COPD. The hallmark of the disease is the presence of airflow obstruction, but subjects may have obstruction in the absence of COPD. Clinical findings, including history and exposure to risk factors (occupational hazards, tobacco smoke and other noxious inhalant), can help the diagnosis of COPD. COPD is generally a progressive disease, especially if a patient's exposure to noxious agents continues. Our results document that, at baseline, subjects misidentified as normal with the fixed cutoff seem to be an intermediate group between normality and COPD. In fact, BHR progressively increased and FEV 1 progressively decreased from subjects without airflow obstruction to those with airflow obstruction by both criteria, through to those misidentified as normal. When we considered only misidentified subjects without self-reported asthma, exposure to tobacco smoke also progressively increased across the three groups. Moreover, in our misidentified subjects, the presence of chronic cough and phlegm was similar to that in subjects with airflow obstruction. Until now, how the different definitions of airflow obstruction relate to outcomes has been studied only in a cohort from an elderly population in which the outcomes were death and COPD related hospitalisation during follow-up. 14 Even if outcomes are more difficult to establish and to standardise in young subjects than in the elderly, the prognostic implication of the different criteria is crucial for the practice of medicine. We chose FEV 1 ,80% predicted which is the cut-point that separates mild COPD from the more severe forms of the disease and the presence of chronic cough or phlegm as the study outcomes 9 ; moreover, we considered medication use and hospital services utilisation, which are commonly considered in epidemiological studies. 15 With aging, misidentified subjects were at a significantly higher risk of suffering from chronic cough or phlegm and of developing moderate to severe airflow obstruction suggestive of COPD (ie, FEV 1 ,80% predicted) than subjects without airflow obstruction. Remarkably, the misidentified subjects were at a significantly higher risk of using medication because of breathing problems in the past 12 months at the end of follow-up and of using hospital services because of breathing problems during follow-up than subjects without airflow obstruction. Moreover, they presented a similar proportion of subjects with chronic cough and phlegm and a similar rate of utilisation of hospital services because of breathing problems during the follow-up to subjects with airflow obstruction by both criteria at ECRHS I. When we Table 2 Nine year incidence of FEV 1 ,80% predicted and of chronic cough or phlegm, medication use because of breathing problems in the past 12 months at the ECRHS II and hospital services utilisation because of breathing problems between the two surveys, according to the presence of airflow obstruction, as defined by the two criteria, among the subjects identified at the ECRHS I and traced at the ECRHS II *Subjects at risk were those with an FEV 1 >80% predicted at baseline; the incidence rate ratios were obtained by a two level Poisson regression model. {Subjects at risk were those without chronic cough or phlegm at baseline; 84 subjects at risk with missing information on the outcome were not considered in the analysis; the incidence rate ratios were obtained by a two level Poisson regression model. {32 subjects with missing information on the outcome were not considered in the analysis; the risk ratios were obtained by a two level Poisson regression model with a robust error variance and no offset. 23 124 subjects with missing information on the outcome were not considered in the analysis; the crude rates of occurrence of the first emergency department visit/hospital admission between the two surveys were calculated setting the person-years for the subjects who reported at least one hospital contact equal to half the length of the follow-up; the rate ratios were obtained by a two level complementary log-log survival model. considered only the misidentified individuals without selfreported asthma, the proportion of subjects who reported medication use because of breathing problems in the past 12 months at the end of follow-up was also similar to that of subjects with airflow obstruction by both criteria. The currently available opportunities for the management of COPD make an early diagnosis particularly important. Bronchodilator therapy improves dyspnoea, exercise endurance and health status; at present, the most intriguing question is whether maximal sustained bronchodilation in patients with COPD may also result in positive long term effects. 26 The ongoing results of the UPLIFT clinical trial, assessing the long term functional impact of tiotropium in COPD, will elucidate the role that pharmacological treatment can play in affecting the course of the disease. 27 To date, the only successful intervention shown to conclusively attenuate the loss of lung function over time is smoking cessation. It has recently been well documented that the diagnosis of smoking related airflow obstruction increases the efficacy of smoking cessation advice in affected subjects. 28 29 Thus implementation of LLN in clinical practice may contribute to significant advances in the treatment of the disease and prevention of its complications.
The intrinsic limitation of using the LLN criteria is its dependency on the prediction equations and on the reference population from which the prediction equation has been drawn. Ideally, the prediction equation should be derived from measurements obtained in a representative sample of healthy subjects from a general population as we have done or, secondly, in a large group of volunteers. Currently, the ATS/ ERS committee does not recommend any specific set of equations to be used in Europe but it suggests the need for a new Europe-wide study to derive updated reference equations. At variance, software and hardware have now changed the way of laboratory testing and there is no longer the need for manual, time consuming calculation of predicted values, as even inexpensive spirometers can have predicting equations and statistically derived LLN built in.
A limitation to our study is that the GOLD criteria recommend the use of a post-bronchodilator spirometry test. However, we used pre-bronchodilator values because we have these values for only a very small proportion of subjects. It is possible that post-bronchodilator values would have varied less between the two definitions of airflow obstruction; how this change could affect outcomes is unclear. 4 5 13 30 Another limitation is that that the LLN equations were calculated from a group of ''normal'' subjects, some of whom were also considered in the analysis (22.5% of the members of the cohort). However, the aim of our analysis was not to define a new LLN for the European general population but to compare two different criteria for identification of airflow obstruction.
The main strength of the present study is represented by the fact that it relies on the follow-up of a large cohort made up of young adults from the general population. The ECRHS allowed the derivation of the reference equations from measurements obtained in a representative sample of healthy subjects, using the same instruments and lung function protocol as that in the cohort followed-up. Moreover, we believe that our study intervenes in a lively debate on the definition of airflow obstruction, as recently stimulated by Mannino and Buist in their reply to letters in this journal. [31] [32] [33] [34] In conclusion, our findings show the importance of using statistically derived spirometric criteria to identify airflow obstruction. Thus we provide powerful support for the view that the criteria for the screening of airflow obstruction should be changed in order to avoid the risk of not identifying part of the population who is likely to benefit from early intervention. 35 We strongly agree with Falaschetti et al in recommending that international scientific organisations return to evidence based medicine and revise their COPD guidelines. 36 The reasons of simplicity and ease of remembrance advanced by many international opinion leaders seem unimportant compared with the objective of being able to properly detect airflow obstruction.
Revival of carbocisteine for prevention of COPD exacerbations
This Chinese multicentre double-blind study assessed whether carbocisteine, a mucolytic agent with antioxidant and anti-inflammatory properties, could reduce exacerbation rates in patients with chronic obstructive pulmonary disease (COPD). A total of 709 patients with COPD were randomised to receive 1500 mg carbocisteine or placebo daily for 1 year. The patients were aged 40-80 years with a spirometric diagnosis of COPD and at least two COPD exacerbations in the preceding 2 years. The primary end point was exacerbation rate over 1 year.
A significant decline in the number of exacerbations per patient per year was observed independent of smoking status or GOLD staging with significant improvements in quality of life (QOL). There were also statistically significant differences in primary outcome emerging at 6 months of treatment, which was well tolerated with no serious side effects. No change in ventilatory capacity was observed.
This was a well-conducted and worthwhile study as many previous studies have been inconclusive and underpowered. Although the study needs to be replicated in other ethnic groups, it has demonstrated the efficacy of continual use of carbocisteine in reducing exacerbations and improving QOL in a Chinese population with predominantly moderate COPD. By reducing exacerbations, carbocisteine has the potential to reduce significant healthcare costs and, being cheaper than conventional therapy, it may be an important option in lowincome countries.
